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FRUUHVSRQGVWRZDYHOHQJWKVEHWZHHQFPDQGPLHIUHTXHQFLHVRI*+]WR0+]UHVSHFWLYHO\
0LFURZDYH GLHOHFWULF KHDWLQJ XVHV WKH LQWULQVLF SRWHQWLDO RI SRODU FRPSRXQGV WR WUDQVIRUP HOHFWURPDJQHWLF
HQHUJ\ LQWR KHDW WKHUH ZLWK SURYRNLQJ DQG GULYLQJ FKHPLFDO UHDFWLRQV ,Q FRQWUDVW WR FRQYHQWLRQDO KHDWLQJ WKLV
PHWKRGGRHVQRWLQYROYHUDGLDQWKHDWDQGLQGHHGWKHPDWHULDOVWKHPVHOYHVDEVRUEDQGGLVVLSDWHWKHHQHUJ\PDNLQJ
WKHKHDWLQJSURFHVVPRUHYROXPHWULFDQGKHQFHDSSUHFLDEO\IDVWHUDQGVHOHFWLYH7KLVIHDWXUHRIPLFURZDYHVLVYHU\
LPSRUWDQW IRU WKH SURFHVVLQJ RI SRRUO\ WKHUPDO FRQGXFWLQJ PDWHULDOV %XGDULQ HW DO  /RYiV HW DO 
0LFURZDYH HQHUJ\ UHSUHVHQWV WKH SHUVSHFWLYH PHWKRG IRU WKH LQWHQVLILFDWLRQ RI GLIIHUHQW ZD\V RI WUHDWPHQW DQG
SURFHVVLQJRIPLQHUDOVRUHVURFNVZDVWHVDVZHOODVFRDODQGELRPDVV/RYiVHWDO'ROLQVNiHWDO
0LFURZDYHKHDWLQJLVDSRWHQWLDOO\DWWUDFWLYHWHFKQLTXHDV LWSURYLGHVDYROXPHWULFKHDWLQJSURFHVVDW LPSURYHG
KHDWLQJHIILFLHQFLHVDVFRPSDUHGZLWKFRQYHQWLRQDOWHFKQLTXHV-HUE\HWDOUHDOLVHGWKHH[SHULPHQWDODQGWKHRUHWLFDO
VWXG\RIWKHWKHUPDOUXQDZD\LQVWDELOLW\LQGXFHGE\ORFDOL]HGPLFURZDYHVLQEDVDOWVWRQHV7KLVHIIHFWOHDGVWRWKH
LQQHUPHOWLQJRI WKHEDVDOW FRUH DQG IXUWKHU WR LWV HUXSWLRQ VLPLODUO\ WRDYROFDQLFEXUVW7KHPLFURZDYHLQGXFHG
PLQLDWXUHYROFDQRH[KLELWVKRWVSRWVEXUVWVDQGHUXSWLRQRI ODYDDQGVROLGLILFDWLRQRI ODYDIORZV WRYROFDQLFJODVV
REVLGLDQ VLPLODUO\ WR UHDO YROFDQLF SKHQRPHQD 7KH QXPHULFDO VLPXODWLRQ WDNLQJ LQWR DFFRXQW WKH WHPSHUDWXUH
GHSHQGHQFH RI WKH EDVDOW SURSHUWLHV ZDV FRPSDUHG WR WKH H[SHULPHQWDO PHDVXUHPHQWV -HUE\ HW DO  7KH
DWWHQWLRQ ZDV DOVR GHYRWHG WR WKH PHOWLQJ RI DQGHVLWH URFNV =QDPHQiþNRYi HW DO  7KH H[SHULPHQWDO
LQYHVWLJDWLRQVRIWKHXVHRIPLFURZDYHHQHUJ\IRUWKHKHDWWUHDWPHQWRIEDVDOWZHUHSUHVHQWHG1XPHULFDOUHVXOWVDQG
JUDSKVRIWKHFKDQJHLQWKHWHPSHUDWXUHRIDVDPSOHRIEDVDOWZHUHVWXGLHG,WLVVKRZQWKDWPLFURZDYHKHDWLQJKDVD
QXPEHURIDGYDQWDJHVRYHUWUDGLWLRQDOPHWKRGVRIPHOWLQJEDVDOWXVLQJDFRPEXVWLEOHIXHO0DPRQWRYHWDO
0LFURZDYHPHOWLQJ RI WLQ OHDG DOXPLQLXP DQG FRSSHU ZDV DFFRPSOLVKHG DW KLJK KHDWLQJ UDWHV ZLWK FOHDQ DQG
FRQWUROOHGSURFHVVFRQGLWLRQV&KDQGUDVHNDUDQDQG%DVDN$JUDZDO
7KH SRWHQWLDO DSSOLFDWLRQV RI PLFURZDYH HQHUJ\ DV UHPHGLDO DOWHUQDWLYHV IRU YDULRXV W\SHV RI ZDVWHV
FRQWDPLQDWHGVRLOVVOXGJHZDVWHZDWHUDOVRIRUVWDELOLVDWLRQRIDVEHVWRVPDWHULDOKDYHDWWUDFWHGVWHDGLO\JURZLQJ
UHVHDUFKHIIRUWVGXULQJWKHODVWGHFDGH1XFKWHUHWDO$SSOHWRQHWDO/HRQHOOLHWDO7KHXVHRI
PLFURZDYHKHDWLQJIRUWKHSURFHVVLQJRIJODVVKDVDOVREHHQUHSRUWHGVXFKDVV\QWKHVLVRIWLQFRQWDLQLQJPRO\EGR
SKRVSKDWH DQG WXQJVWRSKRVSKDWH JODVV SUHSDUDWLRQ RI LQRUJDQLF JODVVHV QLRELXP SKRVSKDWH JODVVHV DQG LURQ
SKRVSKDWHJODVVHV0DQGDOHWDO+iMHN9LWULILFDWLRQLVDZHOOHVWDEOLVKHGWHFKQRORJ\WKDWLQYROYHVWKH
FRQYHUVLRQ RIZDVWH LQWR D VWDEOH DQG KRPRJHQHRXV JODVV WKURXJK WKHUPDO WUHDWPHQW RI IXVLRQZLWK WKH SRVVLEOH
DGGLWLRQDOPRGLILFDWLRQRIWKHVWDUWLQJFRPSRVLWLRQZLWKJODVVIRUPLQJDGGLWLYHV&RORPERHWDO
0DWHULDODQG0HWKRGV
7KHLQIOXHQFHRIPLFURZDYHHQHUJ\RQWKHPHOWLQJSURFHVVZDVLQYHVWLJDWHGRQDQGHVLWHVDPSOHVRULJLQDWLQJIURP
5XVNRY 6ORYDN5HSXEOLF1H[W UDZPDWHULDO XVHG LQ WKH H[SHULPHQWV LV QLFNHO OHDFKLQJ UHVLGXH 1/5 FRPLQJ
IURPDQLFNHOK\GURPHWDOOXUJLFDOSODQWLQ6HUHć6ORYDN5HSXEOLF7KLVZDVWHZDVXWLOL]HGDVDPRGHOVRUEHQWRI
KHDY\ PHWDOV &G 3E IURP ZDVWHZDWHU WUHDWPHQW 7KH KHDY\ PHWDOV LRQV &G DQG 3E ZHUH SUHFLSLWDWHG LQ
FRQFHQWUDWLRQ  PJ RI LRQV SHU  J RI 1/5 IURP &G&O+2 DQG 3E12 7DEOH  VKRZV WKH FKHPLFDO
FRPSRVLWLRQRIDQGHVLWHDQGZDVWHQLFNHOOHDFKLQJUHVLGXH1/5DQGWKHUDZPDWHULDOVXVHGIRUWKHJODVVHV)URP
WKHVH UDZPDWHULDOV  JODVVHV KDYHEHHQGHVLJQHGZLWK1/5 FRQWHQW LQ WKH ZHLJKW UDQJH7KHPL[WXUHV
FRQWDLQ 1/5 DQGHVLWH GRORPLWH DQG JODVV VDQG LQ WKH UDWLR GHVFULEHG LQ 7DEOH  7KH WKHRUHWLFDO FKHPLFDO
FRPSRVLWLRQRIWKHPL[WXUHVLVVKRZQLQ7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQRIZDVWHDQGUDZPDWHULDOV>ZW@
5DZ
0DWHULDO
6L2 $O2 &D2 0J2 )H2 )H2 1D2 .2 &U2 /2,
1/5          
$QGHVLWH          
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       
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7DEOH&KHPLFDOFRPSRVLWLRQRI1/5DQGDGGLWLYHV>@
6DPSOH 1/5 $QGHVLWH 'RORPLWH *ODVV6DQG
*    
*    
*    
7DEOH&KHPLFDOFRPSRVLWLRQRIPL[WXUHV>@
6DPSOH 6L2 )H2 )H2 $O2 &D2 0J2 1D2 .2
*        
*        
*        

7KHPLFURZDYHKHDWLQJZDVUHDOL]HGLQPLFURZDYHLQVWUXPHQWVDPLFURZDYHRYHQ3DQDVRQLF352,,1(
PD[LPXPSRZHU:DPLFURZDYHRYHQ3DQDVRQLF11%PD[LPXPSRZHU:DPLFURZDYHRYHQ
3DQDVRQLF114PD[LPXPSRZHU:DW WKHIUHTXHQF\0+]7HPSHUDWXUHRI WKHVSHFLPHQVZDV
PHDVXUHGE\QRQFRQWDFWLQIUDUHGWKHUPRPHWHUV5D\QJHU0;PHDVXUHPHQWUDQJH·&DQG7KHUPDOHUW
7;&PHDVXUHPHQW UDQJH· &7KHFKHPLFDO FRPSRVLWLRQVRI VDPSOHVZHUHHYDOXDWHGE\ WKH DWRPLF
DEVRUSWLRQPHWKRG9DULDQ6SHFWHU$$7KHPLFURVWUXFWXUHRIYLWULILHGVDPSOHVZDVVWXGLHGE\OLJKWPLFURVFRS\
PHWDOORJUDSKLFPLFURVFRSH2O\PSXV*;RISROLVKHGVDPSOHVDQGE\(';6(0DQDO\VLV 3KLOLSV;/;
UD\GLIIUDFWLRQDQDO\VLVRIDQGHVLWHZDVSHUIRUPHGXVLQJDQDSSDUDWXV'52127KHDQGHVLWHPHOWLQJWHVWV LQD
PLFURZDYH ILHOGZHUH FDUULHGRXWRQ VSHFLPHQVRI F\OLQGULFDO VKDSHZLWKGHILQHGGLPHQVLRQV7KHSDUDPHWHUV RI
F\OLQGULFDOVSHFLPHQVZHUH[PP[PP[PPKHDWLQJWLPHZDVDQGPLQ
7KHVDPSOHVZHUHLUUDGLDWHGDWSRZHU:*UDLQVL]HRIDQGHVLWHPPZDVSUHSDUHGRQODERUDWRU\FUXVKHU
9ý0
7KH PLFURKDUGQHVV ZDV WHVWHG E\ WKH 9LFNHUCV LQGHQWDWLRQ PHWKRG XVLQJ D/HFR PLFURGXURPHWHU ZLWK
D9LFNHUCVGLDPRQGLQGHQWHUKDYLQJDQJOHEHWZHHQIDFHV7KHPLFURKDUGQHVVZDVPHDVXUHGLQWZHQW\SRLQWV
LQWZRGLIIHUHQW]RQHVPDWUL[DQGZKLWH]RQHZKLFKZHUHLGHQWLILHGLQWKHSLFWXUHVIURPOLJKWPLFURVFRS\)LJ
7KHVDPSOHZDVVXEPLWWHGWRDORDGRI1DQGGZHOOWLPHRIVHFRQGV


)LJ;UD\GLIIUDFWLRQDQDO\VLVRIDQGHVLWH
0LFURKDUGQHVV+9LQ*3DZDVFRXQWHGDFFRUGLQJWRWKHHTXDWLRQ+9 [3GZKHUH3SRZHU>1@G
OHQJWK RI LQGHQW RI ORQJHU GLDJRQDO >P@ 7KH FKHPLFDO GXUDELOLW\ RI1/5ZLWK SUHFLSLWDWHG KHDY\PHWDOV EHIRUH
YLWULILFDWLRQDQGWKHJODVVHVZHUHHYDOXDWHGE\WKH7R[LFLW\&KDUDFWHULVWLF/HDFKLQJ3URFHGXUH7&/3(3$
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7KHGULHGZDVWHDQGJODVVHVZLWKVL]HXQGHUFPZHUHSODFHGLQH[WUDFWLRQIOXLGDQGVWLUUHGIRUKRXUV7KH
H[WUDFWLRQIOXLGZLWKS+ZDVXVHGIRU1/5DQGZLWKS+IRUJODVVHV7KHFRQFHQWUDWLRQVRI
KHDY\PHWDOVLQWKH7&/3H[WUDFWVZHUHDQDO\VHGE\WKHDWRPLFDEVRUSWLRQVSHFWURVFRS\
5HVXOWVDQGGLVFXVVLRQ
3.1. Melting of andesite 
$QGHVLWH LV D PDJPDWLF YROFDQLF URFN RI OLJKWJUH\ WR JUH\ EURZQ FRORXU ZLWK ILQH WR PHGLXP SRUSK\ULWLF
VWUXFWXUHRI WKHEDVLFPDWHULDO7KHGLIIUDFWLRQSDWWHUQRIDEDVLFDQGHVLWHVSHFLPHQLVVKRZQLQ)LJ7KH;UD\
GLIIUDFWLRQDQDO\VLVRIWKHEDVLFVSHFLPHQRIDQGHVLWHVKRZHGWKHSUHVHQFHRI6L2VPDOOHUSURSRUWLRQRI$O2DQG
&D2DQGDOVRWKHSUHVHQFHRISODJLRFODVHVS\UR[HQHVDQGWRDOHVVHUGHJUHHRIKRUQEOHQGHELRWLWHDQGPDJQHWLWH
7KHEHJLQQLQJDQGEHKDYLRXURIPHOWLQJZDVIROORZHGDWWKHPLFURZDYHKHDWLQJRIDQGHVLWH$IWHUPLQXWHV
WKHUHZDV REVHUYHG UHGKRW RI LUUDGLDWHG VDPSOHV 6XEVHTXHQWO\ VPHOWLQJRI WKH UHGKRWPDJPDWLFPHOW RFFXUUHG
DIWHU PLQXWHV ,WREVHUYHG WKHIRUPDWLRQRI IORZLQJRXWRIEODFNFRPSDFWYLWUHRXVPDWHULDO REVLGLDQ7KH
REWDLQHGPHOWZDVDQDO\VHGE\;UD\GLIIUDFWLRQDQDO\VLVDQGFKHPLFDODQDO\VLV)LJ7DEOH


)LJ;UD\GLIIUDFWLRQDQDO\VLVRIDQGHVLWHDIWHUPLFURZDYHKHDWLQJ

7KH FKHPLFDO DQDO\VLV RI WKH PHOWHG VDPSOHV UHYHDOHG WKDW WKH SURSRUWLRQ RI LQGLYLGXDO FRPSRQHQWV GLG QRW
FKDQJHHVVHQWLDOO\GXULQJWKHPHOWLQJSURFHVV1RZHLJKWORVVHVZHUHREVHUYHGDIWHUPHOWLQJ7DEOH

 7DEOH&KHPLFDODQDO\VLVRIDQGHVLWHDIWHUKHDWLQJ>@
6L2 $O2 0J2 &D2 )H2
    

7KHDQGHVLWHVDPSOHJUDLQVL]HPPZDVSODFHGWRDFHUDPLFFUXFLEOHORFDWHGLQDUHIUDFWRU\LQVXODWLRQFRYHU
ZKLFKWUDQVPLWWHGPLFURZDYHUDGLDWLRQDQGUHVLVWHGWRKLJKWHPSHUDWXUHVVRDVWRSUHYHQWFRROLQJRIVSHFLPHQVDQG
WKH UHVSHFWLYH HQHUJ\ ORVVHV LQWR WKH VXUURXQGLQJV 7KH VDPSOH ZDV LUUDGLDWHG DW WKH : $IWHU  PLQ RI
PLFURZDYHKHDWLQJWKHVDPSOHZDVFRPSOHWHO\PHOWHGDQGWKHWHPSHUDWXUHPHDVXUHGUHDFKHGWR&
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3.2. Vitrification of Nickel Leaching Residue (NLR)  
7KH KHDWLQJ RI VWXGLHG VDPSOHV 7DEOH ZDV UHDOLVHG LQ FHUDPLF FUXFLEOHV WKHUPDOO\ LQVXODWHG LQ JODVVZRRO
FRYHUV 7KH VDPSOHVZHUH KHDWHG GXULQJ PLQXWHV$IWHUPLFURZDYH KHDWLQJ WKH9LFNHU¶VPLFURKDUGQHVVZDV
UHDOLVHGDWYLWULILHGZDVWHVDPSOHV7DEOH7KHPLFURKDUGQHVVUHDFKHGKLJKHUYDOXHVLQWKHZKLWH]RQHV

  7DEOH9LFNHU¶VPLFURKDUGQHVV>*3D@
6DPSOH 0DWUL[ :KLWH=RQH
*  
*  
*  

7KH9LFNHU¶VPLFURKDUGQHVVZDVPHDVXUHGLQ WKHPDWUL[DQGZKLWH]RQHVLGHQWLILHGLQ WKHSLFWXUHIURPWKHOLJKW
PLFURVFRS\)LJXUH


)LJ6DPSOH*±JODVVFHUDPLFDIWHUYLWULILFDWLRQ

,Q7DEOH WKH UHVXOWVRI7&/3WHVWRIQLFNHO OHDFKLQJUHVLGXHZLWKSUHFLSLWDWHGKHDY\PHWDOVEHIRUHDQGDIWHU
YLWULILFDWLRQDQGOLPLWYDOXHVDUHVKRZQ7KHFRQFHQWUDWLRQVRIFDGPLXPDQGOHDGLQJODVVFHUDPLFVZHUHFRPSDUHG
ZLWK FRQFHQWUDWLRQV EHIRUH YLWULILFDWLRQ 0LFURZDYH YLWULILFDWLRQ VLJQLILFDQWO\ UHGXFHV WKH OHDFKDELOLW\ RI KHDY\
PHWDOV7KHPHDVXUHGYDOXHVDUHXQGHUOLPLWRI&GDQG3E

7DEOH7&/3WHVWUHVXOWV>PJO@
6DPSOH &G 3E
%HIRUH9LWULILFDWLRQ
1/5 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$IWHU9LWULILFDWLRQ
*  
*  
*  
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&RQFOXVLRQ
7KH ODERUDWRU\ WHVWV RIPHOWLQJ URFNV E\PLFURZDYH HQHUJ\ FRQILUPHG WKH IDVW KHDWLQJ RI DQGHVLWH$ UHGKRW
UHJLRQDSSUR[LPDWHO\LQWKHFHQWUDOSDUWVRIVDPSOHVZDVREVHUYHGDIWHUPLQKHDWLQJ,WFRQILUPHGWKHIRUPDWLRQ
RI WKHUPDO HIIHFW LQ WKH YROXPH RI LUUDGLDWHG VDPSOHV&RPSDULVRQ RI WKH SURSHUWLHV RI DQGHVLWH VDPSOHV LQ WKHLU
QDWXUDO IRUP DQG DIWHUPHOWLQJ VKRZHG WKDW WKH EDVLF DQGHVLWHPDWHULDO KDG RULJLQDOO\ KDG D SRUSK\ULWH VWUXFWXUH
IRUPHGE\ILQHVWULSVRISODJLRFODVHVDQGJUDLQVRIS\UR[HQHV$IWHUFRROLQJRIWKHPHOWHGVDPSOHVDEODFNFRPSDFW
PDWHULDORIYLWUHRXVVWUXFWXUHZDVGHYHORSHG;UD\DQDO\VLVFRQILUPHGWKDWWKHVDPSOHVWUXFWXUHWXUQHGDPRUSKRXV
DIWHUPLFURZDYHPHOWLQJ0LFURZDYHYLWULILFDWLRQRIQLFNHOOHDFKLQJUHVLGXHZDVDSSOLHGIRUVWDELOL]DWLRQRIKHDY\
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PHFKDQLFDOSURSHUWLHV7KH7&/3WHVWFRQILUPHGWKHGHFUHDVHRIKHDY\PHWDOVFRQWHQWDIWHUPLFURZDYHYLWULILFDWLRQ
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